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SUMMARY

The energy spectrum of trapped protons shows a pronounced
variation with latitude at energies below 30 Mev. An anomalous,
low-energy component is found on relatively high magnetic shells
inthe inner zone. The interpretation of this anomalous component
in terms of the decay of albedo neutrons generated in the polar
caps by solar cosmic rays is examined. This interpretation re-
quires that the inner shells, where a normal spectrum is seen,
should be shielded from the polar source. The intensity of albedo
neutrons as a function of energy, latitude, and zenith angle is
computed. The injection rate into specific trapped orbits is then
evaluated and it is shown that those orbits where no anomalous
component exists cannot be populated by the solar cosmic ray
mechanism while the orbits where the anomalous component is
seen can be populated. When the assumption is made that there
is adiabatic trapping in this low energy region, lifetimes are long
compared to the average interval between large injection events,
Therefore, the anomalous component may represent an equilibrium
phenomenon rather than a transient. This component should ex-
tend into the outer belt.
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LIST OF SYMBOLS

The energy of the secondary neutron and trapped proton.

The maximum energy of a proton which remains trapped in the quiescent geomag-
netic field.

The equilibrium energy spectrum of differential intensity, given by Equation 40
(dimensionless).

The omnidirectional integral flux of primaries (at latitude A') which have energies
above 10 Mev at depth x.

The integral over the upper hemisphere of the integral unidirectional intensity of
primaries above 10 Mev,

The integral unidirectional intensity of solar cosmic rays averaged over a solar
cycle,

The integral unidirectional intensity of solar cosmic rays above 10 Mev, evalu-
ated at a latitude at which the cutoff energy is less than 10 Mev.

The integral unidirectional intensity of trapped protons with energies above E.
The directional integral intensity of protons with residual range greater than R.
The differential unidirectional intensity of trapped protons.

The differential unidirectional intensity of albedo neutrons.

The vertical intensity of neutrons at the pole.

Magnetic shell parameter, equivalent to r /r_ina dipole field.

The minimum shell accessible to protons injected by polar cap neutrons.

The attenuation length of neutrons passing through air.

The average mass per atom of the atmosphere.

The probable number of neutrons emitted following an interaction with a proton
energy T.

The neutron emission probability relative to deutron emission probability.

The neutron emission probability relative to proton emission probability.
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The neutron emission probability relative to alpha particle emission probability.
The production rate of neutrons of energy E at latitude \' and depth x.

The local injection rate giving number of protons injected/Mev-cm?3-ster-sec.
The injection rate averaged over the spiral path.

The injection rate at A averaged over one gyroperiod.

The range of solar proton in air.

R(T,).

R(T,).

The mean range of the solar cosmic rays in model 1.

Geocentric distance.

The earth's equatorial radius.

The geocentric distance of a line of force measured in the equatorial plane.
Evaporation spectrum.

The length of the spiral path of a trapped particle, measured from the equatorial
plane to a mirror point.

The energy of a solar proton.
The threshold energy of N!* (p, n) 0'4 reaction.

The cutoff energy of solar cosmic rays assumed in model 2,

The 1/e lifetime, the time over which the energy decreases to 1/e times the
initial value.

The duration of solar cosmic ray event.
The mean lifetime of the neutron.

R

o

f cosgp ’

Neutron velocity.
Atmospheric depth.

The slant depth of a point in the atmosphere.
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a The local pitch angle, the angle between the velocity vector and the magnetic field.
a The equatorial pitch angle.
a-cone The cone swept out on the globe by the gyration of the velocity vector.

&-cone A cone, of semiangle 5, drawn from a point in space to the earth; the cone is
tangent to the earth's surface,

€ The injection coefficient for orbits mirroring at NERV point number 3.
The injection coefficient for orbits mirroring at NERV point number 4,

€ The injection coefficient under the assumption that the solar cosmic rays reach a
latitude of 55 degrees and higher.

The injection coefficient under the assumption that the solar cosmic rays reach a
latitude of 60 degrees and higher.

e(L, a.) The injection coefficient, giving the rate of injection into an orbit in terms of the
rate j*/t_v, corresponding to the decay rate of the vertical albedo intensity at
the pole.

e Nuclear temperature.
e’ The temperature appropriate to each stage of evaporation cascade.
8 The phase angle between the velocity vector and the meridian plane.
A Magnetic latitude.

Ae The latitude of the boundary of the polar cap.

. Mirror point latitude.

A The geomagnetic latitude of a point on globe from which an albedo neutron is
emitted.

at The highest latitude on earth's surface attained by the a-trace.

P The density of atoms-and-ions/cm?® averaged over a trapped orbit,

P The average density for orbits mirroring at NERV point number 3.
Pa The average density for orbits mirroring at NERV point number 4,
o, o(T) for T > 10 Mev.

o The total cross section for neutron interaction in air.
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o(T) The cross section for production of one neutron.

o(T) The cross section for compound nucleus formation as a function of proton energy.
L TO N Defined by Equation 5.
D (N P) (N, ¢) for model 1.
BN &) o()\', ¢) for model 2.
S (A P) (N, ¢) for model 3,

®° DA > A, ¢ =0).
¢ The zenith angle of an albedo neutron upon leaving the atmosphere.

U(x, ) The albedo angular distribution function, the ratio of albedo intensity at zenith
angle ¢ to the vertical intensity at the pole.

UL, a , N) Defined by Equation 19.
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ON THE ANOMALOUS COMPONENT OF
LOW-ENERGY GEOMAGNETICALLY TRAPPED PROTONS

by

A, M. Lenchek
Goddard Space Flight Center

INTRODUCTION

Observations of geomagnetically trapped protons have recently been extended to energies as low
as 8 Mev (Reference 1) by use of the Nuclear Emulsion Recovery Vehicle (NERV). The energy spec-
trum shows a pronounced variation with position in space. The spectrum on magnetic shells crossing
the geomagnetic equator at geocentric distances r_ of approximately 1.5 earth radii r_ agrees well
with theoretical predictions (References 2 and 3) based on injection by neutron albedo from galactic

cosmic radiation (References 4 and 5).

However, the spectrum observed on shells at r_ > 1.7 r, is anomalous in the sense that it is
much steeper and more intense than the spectrum which results from ''galactic’ albedo, see Figure 1.
1t has been suggested (References 1 and 6) that the neutron albedo generated in the polar caps by the
arrival of low-energy solar cosmic rays may result in trapped protons. Some discussions of the
characteristics of the protons resulting from this effect have already been given (References 3 and 7).
The object of this paper is to treat this mechanism more quantitatively than References 3 and 7 in an
attempt to show that it can account for the NERV observations.

Three prominent features distinguish the solar cosmic rays from the galactic cosmic rays: (1)
Solar cosmic rays arrive in intense bursts of short duration, the intensity typically decaying to nor-
mal in about a day, (2) arrive mostly at high latitudes, and (3) have a mean energy two or three orders
of magnitude below that of the galactic radiation. Because of this last feature we may expect the num-
ber and energy spectrum of secondary neutrons to differ markedly from those produced by galactic
cosmic rays: First, the high-energy spallation component should be almost totally absent. Second,
the evaporation component should show a relatively lower temperature. Third, unlike the products
of the global (i.e., galactic) radiation, most of the ""polar’’ neutrons will be generated close to the top
of the atmosphere (the range of a typical solar proton, with energy T £ 100 Mev, is much shorter
than the mean free path of the neutrons which have energies around 10 Mev).

Previous work on the albedo neutron energy spectrum (References 3, 4, 8, 9, 10, and 11) has been
based on data referring to high-energy interactions involving primaries with energies in the Bev
range. However, the primaries involved in the present paper have energies on the order of 10-100



Mev. We therefore must re-examine the neutron
production process, concentrating on the reaction
Ni4 (p’n) 0ol4,

In order to determine the spatial distribution
of the trapped protons produced by this mecha-
nism it is necessary to examine in detail the ef-
ficiency of trapping as a function of r_, and pitch
angle. This, in turn, requires a knowledge of the
angular distribution of the albedo intensity.

We therefore beginby examining the produc-
tion of neutrons in the atmosphere by low energy
cosmic ray protons. Wethen calculate the albedo
intensity as a function of energy and zenith angle.
Next we examine the injection coefficient as a
function of energy, altitude, and pitch angle. Tt
is found that the results of these calculations de-
pend quite strongly on the form of the primary
energy spectrum. However, the spectrum of the
solarbeam is variable from one event toanother.
We therefore carry out the calculations for sev-
eral different spectra.

PRODUCTION OF NEUTRONS

When protons with energies T £ 100 Mev
strike the atmosphere, the major source of sec-
ondary neutrons isthe interaction of protons with
N!4, Experimental data on the cross section for
neutron production in this interaction is scanty.
The neutron yield when 32 Mev protons bombard
a thick mnitrogen target is known (Reference 12).
The yield, 3.2 x 10°3 neutrons per proton, is com-
parable to the yield from oxygen. The energy
spectrum of the neutrons produced in thin target
experiments on nitrogen at 17.3 Mev (Reference
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Figure 1 - Energy spectra of trapped protons on four dif-
ferent magnetic shells measured by the Nuclear Emulsion
Recovery Vehicle program on September 19, 1960. Fig-
ure courtesy of Naugle and Kniffen. Aititudes and shell
parameters L of the points are: point 3, alt. 1600 km,
L = 1.79; point 4, ait. = 1884 km, L = 1.72; point 5, alt.
1600 km, L = 1.54; and point 6, alt. 1400 km,L = 1.47.

13) and at 31.5 Mev (Reference 14) shows several poorly resolved groups which tend to merge into a
continuum at low energy. It is possible to represent the spectrum approximately in the form of an
evaporation spectrum with a "temperature” around 4 Mev.

In this energy range, the mean free path of a nucleon is short compared to the nuclear diameter,
suggesting that spallation may be less favored than compound nucleus formation. This observation,



plus the evaporation-like nature of the neutron spectra, lead us to investigate the cross section for
neutron production on the basis of evaporation theory. However, we rely on evaporation theory only
to reveal the energy dependence and we use the observation of Tai et al. (Reference 12) for normalization.

Thus, we set o(T) = o(T) N(T), where o (T) is the cross section for compound nucleus forma-
tion and N(T) is the probable number of neutrons emitted. We compute o(T) in the semiclassical
approximation (Reference 15), which is valid for T greater than about twice the Coulomb barrier,
that is, for T > 6 Mev. We evaluate N(T), using the theoretical results of LeCouteur (Reference 186),
by computing the relative probabilities P /P_, P, /P, and P_/P, for emission of a neutron or proton;
neutron or alpha particle; and neutron or deuteron. Multiple particle emission is considered up to
three-particle cascades although, since all the required separation energies are not available, triple
cascades can only be estimated. In computing cascades it is assumed that all particles except the
last are emitted with the average energy of those emitted in each stage. The relation between the
nuclear temperature © and the excitation energy is assumed to be given by the usual degenerate
Fermi-gas model of the excited nucleus.

It is found that proton emission is most likely in the first stage of de-excitation. The calculated
o(T) rises rapidly as T is increased above the threshold T, = 6.4 Mev, and then levels off at about
10 Mev, attaining a maximum value of only about 70 mb. Multiple emissions tend to increase this
figure at higher energies. The data of Tai et al. can be fitted by assuming that o(T) = 0 for T <10
Mev and o(T) = o, = 80 mb for T > 10 Mev. We shall therefore adopt this simple model for o(T).

We assume the evaporation spectrum is given by
S(E) = EQ 2 e'E/® neutrons/Mev (1)

per interaction, where E is the neutron energy. In cascades in which more than one neutron is
emitted, ® is an average value found by assuming that all particles except the last are emitted with
E = 20’ (®' is the temperature appropriate to each state), weighting the several @' values by the
fraction of the neutrons belonging to each stage, and summing over stages. It is then found that @ is
a quite slowly varying function of T, varying only between 3 and 5 Mev as T varies from threshold to
50 Mev. We may therefore take ® = 4 Mev as an average, independent of T. This is an important
simplification since it implies that the neutrons are generated with the same spectrum at all atmos-
pheric depths.

We therefore conclude that (1) the neutron production is adequately represented (approximately)
by a constant cross section of 80 mb with an effective threshold of 10 Mev, (2) the energy spectrum
of the neutrons is Maxwellian with temperature 4 Mev, and (3) the production angular distribution is
isotropic.

ALBEDO INTENSITY

We turn now to the question of the differential unidirectional intensity of neutrons leaving the
atmosphere. We must compute the production rate as a function of atmospheric depth and, assuming

3



for simplicity an exponential attenuation of the emerging beam, compute the escaping intensity as a
function of energy and zenith angle.

The production rate at atmospheric depth x and at geomagnetic latitude r' is

WEA x) - o I\ ,;r;) S(E)

neutrons 2)
Mev-gm-sec '

where X is the average mass per atom of the atmosphere and I(»',x) is the omnidirectional integral
flux of primaries which have energies above 10 Mev at depth x.

The differential unidirectional intensity of albedo neutrons leaving the atmosphere at the zenith
angle ¢ is obtained by integrating Q(E,A",x) over a slant path, assuming a plane stratified atmos-
phere:

ks

, . 1 , _x
JLNEA @) = WJ. QE, A", x) exP[lcos(P:|d

o

neutrons (3)

% 2
Mev-cm“-ster-sec

Here t is the attenuation length, which we approximate by N/o, where o, is the total cross section
in air (Reference 17). In the energy range in which we are interested (about 5-30 Mev), we can as-
sume ¢ = 15 gm/cm?, independent of energy. Then

o, t , ,
Ja(BE N @) = o TN S(E) oA, 9), )
where
R S i b (ONIE5) -x
S = pooss J [IM')] exp (l—ws )dx. (5)

Here I_(\') is the integral over the upper hemisphere of the integral directional intensity of pri-
maries above 10 Mev.

Let j '(E) denote the vertical intensity of neutrons at the pole. The boundary of the polar cap is
at latitude Acs the latitude at which the geomagnetic cutoff is 10 Mev. We shall express j _(E,\',¢)
in terms of j *(E) as

P (EN @) = jN(EY BN, ¢) . (6)
Thus,

B\, ¢)

R T U v

We shall denote ®(A' > A, ¢ = 0) by &°. Then
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where J_ is the integral directional intensity (in particles/cm?-ster-sec) of solar cosmic rays above
10 Mev, evaluated at a latitude where the cutoff energy is less than 10 Mev. We assume J, is iso-
tropic; hence J, = 1_/2n. Before we can evaluate the albedo distribution function ¥(1\',$#) we must
discuss the spectrum of the solar beam, since this determines I(A',x)/I (A') appearing in Equation 5,

THE SOLAR BEAM

Until recently no direct observations of the spectrum of solar cosmic rays were available. How-
ever, the spectra during the events of September 3, 1960, and November 12-15, 1960, were directly
measured (References 18 and 19). In the September 3 event, a Geiger counter and nuclear emulsions
carried on the same rocket yielded an integral proton spectrum that was almost flat up to about 100
Mev with an intensity J_ ~ 19 particles/cm-ster-sec above 22 Mev. Inthe November event the inte-
gral spectrum was close to T-!-7 (from 10-100 Mev) with an intensity J, 2 2 x 103 particles/cm?-
ster - sec above 10 Mev. In both cases the intensity was isotropic over the upper hemisphere.

EVALUATION OF THE DISTRIBUTION FUNCTION

We shall consider three cases: (1) exponential variation of Q with depth, (2) primary spectrum
flat up to 100 Mev, and (3) primary spectrum J_ « T ':7.
Model 1:

We assume

I(M %) | -x/R

1.y )

where R is the mean range of the solar cosmic rays. Inserting into Equation 5, we obtain

= =\-1
D (N, ) = %(cos ¢+R7> ) (9)

Taking R to be the range of a representative primary (T < 100 Mev), we find that R will be small
compared with ¢, giving an anisotropic albedo with a maximum at the horizontal.

Model 2:

Assume an isotropic intensity J, = constant up to T, and J, = 0 above T,. Convert to a range
spectrum and transform to a depth x by noting that at the slant depth y = x sec ¢ the directional in-
tegral intensity J(> R,y) of protons with residual range greater than R equals the primary intensity



Jo (R+y) for R+y < R(T;) and is zero for R+y > R(T,). Denote R(T,) by R,. Then integrate over
the hemisphere to obtain

IV % _ { - __X

T,000) R-R, [OF *ERiTRo T (10)

and

I(AM,x)y =0 for x>x

Here R, = R(T,) = 0.15 gm/cm? and R, = R(T,) = 7.5 gm/cm? assuming T, = 100 Mev.

Inserting Equation 10 into Equation 5,
we easily find 100 -

X

D (N, ¢) = 1 - @ (l—e- cos ¢>_ (11)

Mo
"'l( ). AN EXPONENTIAL VARIATION
OF PRODUCTION RATE VERSUS
ATMOSPHERIC DEPTH, WITH A
“SCALE HEIGHT” OF 1.5 gm/cm?
— CORRESPONDING TO THE RANGE
IN AIR OF A 40—Mev PROTON.

Since x, ~ /2 we again find a moderate
anisotropy with o,(\', n/2)/®,(A",0) = 4.71,

Model 3

)
————— 2, A MONOENERGETIC BEAM OF
100—Mev PROTONS [SOTROPIC

Assume J, = AT"''7. Using the famil-

THE RATIO ¢ OF THE INTENSITY AT THE ZENITH ANGLE ¢
TO THE INTENSITY IN THE VERTICAL DIRECTION

10
s : OVER THE UPPER HEMISPHERE
iar relation R(T) = constant x T!-7 we then AT THE TOP OF THE ATMOSPHERE.
find (x'oy
\ —— % AN INTEGRAL
I 17
' _— RN SPECTRUM T, aT
I(K ,x) X o TX ~
e IR TR (12) N
I,(\') o
and L
. _ f— 1
D, (A , &y = 1 4+ eVEi(-u) [G - ]
1
1 0
——6(7+1n u) , (13)

, ) . Figure 2 - Angular distribution functions of albedo neutrons
where u = R,/ cos ¢, -Ei(-u) is the loga- generated by low-energy cosmic rays. In each case a constant
rithmic integral and ¥ = 0.577 is Euler's cross section with rhres_ old 10 Mev is used. Exponential at-

) , B tenuation of the emerging beam, with attenuation length 15
constant. We find ®,(2",0) = 0.025 and gm/cm?, and a plane atmosphere are assumed,

@, (N, 7/2) ® 1.
Thus, in each case we find ®(7\’,0) ~ R/, where R is the range of an average primary, and
N, m/2) ML

The functions ¥(A’,¢) obtained from the above models are shown in Figure 2. In each case it is
assumed that ¥(A',¢) vanishes for A’ < A, and is independent of A\’ for A»’ > A.. This is a good
approximation, since the latitude interval over which the cutoff energy varies from 10 to 100 Mev is



quite narrow (the Stormer cutoff is 10 Mev at A" =72 degrees and is 100 Mev at A’ = 66 degrees,
assuming vertical incidence) and the contribution from primaries with energies above 100 Mev is
assumed to be negligible. However, cutoff rigidities are often reduced during cosmic ray increases.
Cosmic rays with energies as low as 120 Mev have, at times of magnetic activity, been observed at
Minneapolis (Reference 20). The geomagnetic latitude of Minneapolis, defined so that the vertical
cutoff is 14.9 cos* A’ Bv, is 57.4 degrees (Reference 21) at quiet times although protons of this energy
should normally be excluded below about 65 degrees. We therefore carry out the calculation for

Ac = 60 and 55 degrees.

INJECTION COEFFICIENTS

The basic principle determining the rate of injection into a given orbit is that injection occurs
only over those segments of the orbit in which the orbit points toward the source (Reference 9). The
decay proton maintains the direction of flight of the parent neutron. As the orbit spirals through
space, the velocity vector of a particle in that orbit sweeps out a cone called the a -cone, where o« is
the local pitch angle. Over some parts of the orbit, the o-cone may miss the earth entirely. The in-
tersection of the a-cone with the earth is called the a-trace. (Only a fraction of the a-trace may fall
within the polar cap.) The albedo intensity varies from point to point along the a-trace depending on the
zenith angle ¢ made by the velocity vector, and the magnetic latitude *' of the point of intersection
with the earth. Thus, ¢ and A’ may be regarded as "a-trace coordinates."

Since particles are trapped for times that are long compared to bounce periods, it is sufficient
to calculate the average injection rate over the orbit. We label an orbit by its coordinates in the
equivalent dipole coordinate system discussed by MclIlwain (Reference 22). Thus, an orbit is deter-
mined by L = r /r_, where r, is the earth’s radius, and by the equatorial pitch angle a,.

At a given point along the orbit, the position of the velocity vector relative to the meridian plane
is denoted by 6, the phase angle. The local injection rate at latitude \, energy E, and phase angle ¢
is then

j EYA"|¢
QB Loay noy = =E D (14)

o’ t,v

where A’ and ¢ are functions of L, a_, » and 6. In Equation 14, ¢, is the mean lifetime of the neu-
tron (including relativistic time dilation) and v is the neutron's velocity. Assuming that a negligible
number of neutrons decay enroute, no correction is necessary for the distance from the earth. That
is, since j, is the differential unidirectional intensity, its value at the point of decay equals its value
at the earth.

The quantity q must now be integrated over the spiral path. (The length of the spiral path may
be expressed in terms of the distance r, as s(a,)r, where s(a;) is dimensionless.)

Since the gyrofrequency is large compared to the bounce frequency v/4s(a,) r,, W€ may average
over the phase angle (i.e., over a gyroperiod) before integrating over s(a,). Thus, the average in-
jection rate q(E,L,a)) is



1
s(ao)

q(E,L,a,) =

Figure 3a - Two cones are constructed, each with its
vertex at V, the guiding center. The a=-cone is swept
out by the gyrating velocity vector. The & -cone is the
cone subtended by the earth. The point A marks the
axis of the a -cone; D marks the axis of the §-cone.
The angle between the two axes is 5. When the two
cones overlap, the end of the velocity vector, shown as
a dashed line, traces out an arc withinthe 5-conewhich
we call the a-trace (not shown). The arc AD is a seg-
ment of the meridian. The angle 9 is the phase angle;
as O varies, the angles 8’ and { also vary but a and 8
remain fixed.

ZENITH

Figure 3b - The circle represents the earth. The line
VP is the velocity vector. The point S is the inter-
section of the axis of the 5-cone with the earth's
surface.

'y

f QELMY 2 dr,

(15)

where

2n

aq(E,L A, 8) d8 (16)

QELNY = 35

is the average over a gyroperiod, holding » fixed.
We denote the mirror point latitude by A .

We now use Equation 6 to express g in terms
of j*:

n

— €(L,a,) j, (E)
Q(E’L-ao) = T ’

(17)

where the injection coefficient ¢(L,a)) is

A
€(L,a) = S(io)J Q(L,ao,X)%d)\ (18)
and
L,a ,\) = %f ¥(L,a_,A,6) df. (19)

where ¥(L,a,, A, @) is the albedo angular distri-
bution function defined by Equation 6, now ex-
pressed in orbit coordinates L, «_, », and 4.

Our task now is to relate the orbit coordi-
nates L, a_, A, and 6 to the a-trace coordinates
¢ and A’,

For a given orbit, defined by L and «_, and

for some point along the line of force, defined by

o?

the latitude A, we may construct the a-cone and
examine its intersection with the earth (see Fig-
ure 3). If X is held fixed and the phase angle ¢

is varied, the velocity vector will trace out the
a-trace on the earth's surface. The latitude A’

at which the vector intersects the earth is givenby

A= A+ A, (20)



where A, = A (¢,A,L,a.). The zenith angle ¢ at
this point is related to the orbit coordinates by

sing = Lcos?Asind’, (21) MERIDIAN
where
cos$' = cosa cosfB + sina sinfB cos 4, (22)
REZ
sina = (4-3 cos ?\.) sin a ' (23)
cos 3
and
1
tan 8 = 5 cotA. (24)

Figure 3c - The axis of the 3-cone passes through the
point S. The arc SQ is drawn along a line of constant

Having determined ¢ and §' from Equations latitude. The triangle of Figure 3b lies in a plane con-
) taining the points P, S, and O, the center of the earth.
21 through 24, we may then find A, from

sinA; = cos{ sin(¢-38"), (25)

where

cos L = cosa '- F?S§ cos f3 ' (26)
sin §' sinfB
With these relations we are able to compute ¢ and A' everywhere along the a-trace; thus,
can now be evaluated from Equation 19. The integration of Equation 18 is then carried out with the
aid of the relation
ds

> (4-3 cosz)\)”2 seca cos A . (27)

The mirror point latitude is related to «, by

. cos3>\m ( 8)
sina, = , 2
(4 -3 cos’?xm) 174

and a close approximation to s(a,) is given by Reference 23

s(a,) ® 1.38 - 0.32 (sina, + sin'/?a ) . (29)

When the a-cone does not intersect the earth, (@ is zero. For an orbit such that &(L,a_,A) = 0
for A = 0, the latitude A, such that the a-cone first touches the earth may be obtained from the
implicit relation



a(h,) + 3(hy)) = B(ry) ., (30)
where

2
sin & = —L& (31)

The angle & is the semiangle of the cone drawn from the orbit point to the earth, the cone being
tangent to the earth's surface,

In general, only a part of the a-cone intersects the earth. In this case, the upper limit on the
integral in Equation 19 is replaced by @', where

. cosbd - cosa cos B 39
- sina sinf ) (32)

cos &'

The angle 8’ is related to the injection coefficient 7, calculated by Singer (Reference 9) through

'S
H, = _S(i )j (N % dr (33)
and
oy = L (34)

If we assume an isotropic albedo and intensity uniform with respect to latitude, then ¢ reduces to 7.

The injection coefficients have been evaluated for the orbits which mirror at the points in space
where the NERV observations were made., The coordinates of these points are given in Table 1 along
with the coefficients calculated from the albedo distribution of Model 3. The most important feature

Table 1
Injection Coefficients for Orbits Mirroring at the Locations of
the NERV Observations

L = equivalent geocentric distance in equatorial plane; a, = equatorial
pitch angle; A, = latitude of particle when the a-cone first intersects
the earth; A1 = highest latitude on earth's surface attained by the a-
trace; €60 = injection coefficient assuming solar cosmic rays reach lati-
tude 60 degrees; €,, = injection coefficient assuming solar cosmic rays
reach latitude 55 degrees.

:\mfer L cos %o M A €60 €as
3 179 | 0866 | 11.0 | 661 | 015 | 0.29
4 172 | osx | 90 | &3 | 010 | 0.8
5 154 | 0775 | 55 | 545 0 0
6 147 | 0755 | 29 | 483 0 0
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. . Table 2 of the result is that the injection coefficient is zeroat points 5 and 6.
Minimum Injection Distance L, as

a Function of the Latitudes of the These are the points at which the anomalous component is absent.
Boundary of the Polar Cap Ao (As- Tt can be shown that for a given value of A. there is a minimum
suming Infinite Atmospheric Density . s e o
Below 1270 km). value of L for which any injection is possible (for any value of

N L a,). In Table 2 we give L_, as a function of r».. Note that for

(degrcees) (eqrﬂ? ir;dii) Ac ~ 60 degrees, the boundary of the accessible region is at

o 120 L = 1.65; this is consistent with the observations.

10 1.22 i - . :

20 1.27 The vanishing of the injection coefficient at the two inner

28 1-32 points argues against an interpretation of the anomalous compo-

50 }42 nent in terms of either direct injection from the solar plasma

gg }62 cloud or local acceleration. Both of these mechanisms seem un-

80 2:20 likely to produce trapped radiation with such a sharp lower bound-

ary. The polar albedo mechanism, however, leads to a sharp
lower boundary in just the correct range of L.

The reason for the absence of injection at the inner points may be more clearly seen by consid-
ering the behavior of the a-cone or the a-trace as » varies. All four orbits are of the class in which
the a-cone does not intersect the earth when the vertex of the cone is at the equatorial plane. As
increases, the a-cone tilts toward the earth and grows wider. When the vertex reaches X, the a-
cone is just tangent to the earth.

As \ is further increased, the a-trace moves across the globe in a generally equatorward direc-
tion. The maximum latitude A" attained by any part of the a-trace is given in Table 1, We see that
for the first two orbits A" is greater than 60 degrees. However, the a-traces of points 5 and 6 never
get within the source region, which is assumed to be confined to latitudes >\, = 60 degrees. With
this value of A, the a-trace for point 3 first enters the source region when A = 11.0 degrees and
leaves the source region when A = 13.4 degrees. Thus, injection takes place only over a very small
part of the total orbit (which mirrors at 32.2 degrees). The corresponding range for point 4 is 9.0
degrees to 9.7 degrees.

In comparing ¢ with the corresponding coefficients 7, calculated for the global component (Ref-
erence 9) it should be noted that the latter coefficient refers to an isotropic albedo whose strength is
independent of latitude.

INTENSITY OF THE ANOMALOUS COMPONENT

Using the values o, = 80 mb, ¢ =15 gm/cm?, and ©* = 0,025 (Model 3) we obtain

t
J(E.L,a,) = 6.4 x 10°* e(L,a) S(E) J, (35)

for the differential, directional intensity of newly trapped protons following an injection "impulse" of
duration t,. For the NERV points (¢ on the order of 0.1) we therefore have an integral directional
intensity J(E) above 10 Mev on the order of 1.8 x 10-® J t  p/cm?-ster-sec.
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Now, the intensities observed at the NERV points (3 and 4) were approximately 10% p/cm?-ster-
sec. In order to account for these intensities on the basis of impulsive injection from a single event
we require J t_ to be approximately 5 x 10!°, The September 3, 1960, event (16 days prior to the
date of the observations) was therefore far too small.

The events of July, 1959, contributed a time-integrated flux J t, of approximately 5 x 10® while
the large storm of February, 1956, reached approximately 10° p/cm?-ster. However, to evaluate
the contribution from these less recent events we need to consider the lifetimes of the protons.

If protons are adiabatically trapped, then their lifetime, as determined by energy loss, is in-
versely proportional to the exospheric density averaged over the orbit. Assuming a hydrogen ex-
osphere, 50 percent ionized, the 1/e lifetime, defined as the time over which the energy decreases
to 1/e times the initial value, is given by
El .5

T,/ = 10! seconds, (36)

where E is the initial energy in Mev and 7
pression is valid for E < 300 Mev. For orbits that mirror above approximately 1500 km » is less
than 10%/cm?. Therefore, if 10 Mev protons are adiabatically trapped their lifetime is 10 years or

is the average density (atoms-and-ions/cm?). This ex-

more.

The length of this lifetime suggests the possibility that an equilibrium exists, with injection from
large events at irregular intervals of a few years being averaged over several events. Webber (Ref-
erence 21) has collected data on some twenty solar cosmic ray events since 1956. For most of these
events the intensity only above about 100 Mev is known. We have extrapolated each spectrum to 10
Mev by assuming a spectrum J, proportional to T-1-3 below 100 Mev (see Table 3).

Table 3
Time-Integrated Solar Cosmic Ray Intensities Above 10 Mev.*
Joto
Date Earticles -6 Reference
cm “=ster x 10

February 23, 1956 1000 21
July 7, 1958 10 21
August 22, 1958 4 21
May 11, 1958 7 21
July 10, 1959 8 21
July 14, 1959 140 21
July 17, 1959 400 21
April 1-2, 1960 2 24
April 28-30, 1940 ] 24
April 4-7, 1960 1 24
September 3, 1960 0.6 18
September 3-9, 1960 0.8 24
November 12-14, 1960 640 24
November 15, 1960 180 24
November 12-15, 1960 1000 19
November 20-24, 1960 20 24

*In each case extrapolations down to 10 Mev have been made assuming J, proportional to
T 13 except for the September and November, 1960, events where spectra directly observed
in References 18 and 19 were used.
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We find that over a period of about 5 years prior to the November 1960 events solar cosmic
rays contributed a total of approximately 1.5 x 10° particles/em?-ster over the polar caps. This
represents an average rate J of about 10 particles/cm2-ster-sec, about 100 times the galactic rate.

An estimate of the equilibrium intensity from "continuous'™ polar injection is optained by replac-
ing J,t, in Equation 35 by JT,,,. Thus, this process can account for the observations provided

7% 103/cms.

We therefore suggest that the "anomalous' component is a permanent feature. It might be called

the polar component.

Since the injection is intermittent the polar component will behave as an equilibrium distribution
only at energies that are high enough to make the lifetimes long compared to the interval between in-
jection events. The lower end of this energy range will vary with altitude, i.e., with exospheric den-
sity, approximately as r-2¥/3 in a region where the density varies as r-v,

In more detail, the equilibrium spectrum is found by integrating the continuity equation

a =2
>
assuming that v is proportional to E!/2 and
OE —-1/2
G (38)

where k = 7.65 x 107!'2 Mev3/2-cm3/sec for E
in Mev. We find

o, 982 3

i = Jr - s €JF (39)
i= AW = F = L.7x10% &,
where € = €(E,2) and
F = F(E/@) = %f e Yyl/2dy. (40)
E/#

The function F is related to functions tabulated
by Pearson (Reference 25) and is shown in Fig-
ure 4.

Before a comparison with the observations
can be made we must take into account that, on
the hypothesis of this paper, the spectrum at
points 3 and 4 represents a superposition of a

"3

&, (37)
1.0
> 0.1
©
=2
>
)
g @
¥
wie
¥
z
o
w“ 0.01
0.001
0.1 1 10
_ E
w= N2 ©

Figure 4 - The equilibrium energy spectrum resulting
from injection with the Maxwellian spectrum and slow-
ing down by pure energy loss is proportional to F(w),
where E = /373 @w.
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Figure 5 - Comparison between equilibrium spectrum and observations. The 'global component” represents the
spectrum observed at the innermost point, normalized to the data at 20 Mev. This component is subtracted from the
observations (crosses) to give the anomalous component (circles). The heavy solid curve is the computed spectrum,
normalized by the choice of density 5. In 5a,L=1.79, 5= 1.06 x 103/cm® and in 50),L=1.72, 5= 2.6 x 102/cm?.
These infensities arecomputed with an assumed average solar cosmic ray flux J=10 particles/cm?-ster-sec > 10 Mev.

polar component upon the global component. We therefore take the spectrum seen at points 5 and 6,
normalized to the data at 70 Mev, to be the global component and subtract this intensity from the
anomalous spectrum.

The result for point 3 is shown in Figure 5A along with the spectrum computed from Equation 39
and normalized by setting p, = 1.06 x 10%/cm®. The corresponding result for point 4, using
Py = 260/cm?3, is shown in Figure 5B. Noting that the neutron spectrum is only approximately given
by the Maxwellian which we have assumed and that we have neglected the modulation of the albedo
spectrum which will result from energy degradation in the atmosphere we regard the agreement as
at least fair. (The latter effect will tend to steepen the spectrum at the low energy end and to fill in
the region below the peak in the source spectrum.)

An important point should be noted, The relative intensities at points 3 and 4 are about 1:3. That
is, the higher intensity is found on the inner shell (L = 1.72). Now the intensity ratio is predicted to
be ¢,7,/¢, 7, , using subscripts to denote the number of the point. Since ¢,/¢, = 1.5 we require
7./, * 4. The average densities are proportional to the mirror point densities. Orbit 3 mirrors at
1600 km and orbit 4 mirrors at 1884 km. If the temperature is approximately 2000°K at the base of
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the exosphere then these mirror points will fall within the region in which oxygen predominates over
hydrogen. The scale height of exospheric atomic oxygen at 1600 km is about 164 km for T = 2000°K,
leading to a ratio of mirror point densities exp [(1884-1600)/ 164]= 5.6. (If O* contributes strongly
then this ratio will be reduced. A pure O*atmosphere leads to a ratio exp [284/(2x164)] = 2.4.) We
conclude therefore that the relative intensities at the NERV points 3 and 4 are consistent with our
knowledge of the exosphere and do not indicate a breakdown of the trapping condition at these low
energies (below 30 Mev). 7

SPATIAL DISTRIBUTION

The spatial distribution produced by this mechanism ischaracterized by two prominent features:
(1) a shadow zone is formed close to the earth within which no ""polar protons" are trapped, (2) be-
yond the shadow zone trapping is possible. However, there is a range of equatorial pitch angles

AN
.'.9,// At 7

RANGE (km x 10%

Figure 6 - Shadow zone and penumbra formed by polar cop injection. There is no trapping of fast protons at all
in the shadow zone. Polar protons are trapped in the penumbra but they do not mirror in this region. The un-
shaded area may contain polar protons at all local pitch angles outside of the loss cone. The outer boundary of
this region depends on energy as there is a maximum energy of proton which may remain trapped at a givenL.
The boundary drawn here corresponds to 10-Mev protons, assuming E__ = 1600L-4 Mev (Reference 26). The
points labeled 3, 4, 5, é are the fgcafions of the NERV observations (Re?erence 1).
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centered about 90 degrees within which no injection takes place. This leads to the existence of a
penumbra, a region in which the polar component is present at local pitch angles less than 90 degrees
but does not mirror.

The shadow zone and penumbra formed by a polar cap source with boundary at »_ = 60 degrees
are shown in Figure 6. The shape of the penumbra is not a strong function of A_. Its boundary re-
mains approximately parallel to the equatorial plane as A_ is varied from about 30 to 90 degrees.
The boundary of the shadow zone is always a magnetic shell of course.

PROTONS IN THE OUTER BELT

The polar mechanism injects about 100 times more low energy protons per Mev at about 10 Mev
into the outer belt than does the global source. However, it is believed that the trapping ability of the
quiescent field decreases at great altitudes. A variation of maximum trappable energy with altitude
of the form E_,_ = constant x L-* has been predicted by Singer (Reference 26). Normalization of this
relation is provided by satellite observations of the radial extent of 75-Mev protons (Reference 27),
... = 1600L-* Mev. On this model, 1-Mev protons may remain trapped up to L = 6.3,

10-Mev protons up to L = 3.6, etc.

leading to E

We may therefore expect to find the "polar" low-energy component extending to the heart of the
outer zone or beyond. The intensity at a given energy should increase with altitude (as both ¢ and
1/7 increase) until E exceeds E_,, (L).

CONCLUSION

We have shown that the lower boundary of the proton belt produced by solar cosmic rays through
the intermediary of albedo neutrons is consistent with the observed spatial distribution of low-energy
protons in the inner zone. The energy spectrum of the high-latitude component is approximately ac-
counted for (above 10 Mev) assuming secondary neutrons are generated in an evaporation spectrum
and that the decay protons are in equilibrium. The absolute intensities roughly agree with experi-
ment, assuming a reasonable source strength and atmospheric model.

In addition to the more obvious experimental tests such as extending the observations to lower
energies and to higher L-values and such as repeating the same observations at a later time to look
for time variations, we may point out that the polar source leads to a peculiar angular distribution
(equatorial orbits are not populated) which can be investigated observationally (Lenchek and Singer,
1962).
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